We recently reported that an orthologue of STING regulates infection by picorna-like 29 viruses in drosophila. In mammals, STING is activated by the cyclic dinucleotide 2'3'-30 cGAMP produced by cGAS, which acts as a receptor for cytosolic DNA. Here, we 31
RESULTS 96

A subset of CDNs trigger expression of STING dependent virus regulated 97 genes 98
To characterize in vivo the dSTING pathway, we used dSTING Rxn (RXN) loss of 99 function mutant flies (Fig.S1a ). Expression of dSTING was significantly reduced by 9-100 to 27-fold in the mutant, as previously described, but was restored to wild type level 101 when a genomic rescue was introduced in the flies (Fig.S1b) . Basal levels or 102 induction by DCV of three previously described IKKβ and dSTING dependent genes 103 (CG13641, CG42825, and CG33926, hereafter referred to as sting regulated gene 104 (srg)1, srg2 and srg3, respectively) was significantly reduced in RXN mutant flies 105 compared to dSTING Control (WT) or dSTING Rescue flies ( Fig.S1c-e ). By contrast, 106 induction of the gene Hsp26 21 by DCV was not affected in the RXN mutant ( Fig.S1f) . 107
We noted that STING expression was still induced by DCV infection in RXN mutant 108 flies, reaching levels close to wild type three days post infection (dpi, Fig.S1b ). 109
We next analyzed whether the dSTING pathway could be activated by naturally 110
occurring CDNs known to be agonists of STING in other organisms. CDNs injected 111 into WT flies led to a significant increase in dSTING and srg1-3 with c-di-AMP, 3'3'-112 cGAMP and 2'3'-cGAMP at 6 hours post injection (hpi, Fig.1a-d ) and at 24 hpi 113 ( Fig.1e-h) . Only c-di-GMP did not trigger a response in these experiments. The 114 induction of srg1-3 by CDNs was reduced in RXN mutant flies at 6 hpi or abolished at 115 24 hpi ( Fig.1b-d and f-h). For dSTING itself, the pattern of induction was similar in 116 RXN and WT flies, although the level of expression was always significantly reduced 117 in the mutant flies ( Fig.1a,e ). Because neither the promoter nor the open reading 118 frame (ORF) of the short form of dSTING are affected by the RXN deletion ( Fig.S1a) , 119 we hypothesize that a residual level of dSTING protein in the mutant accounts for 120 some remaining activity of the pathway. Induction of srg1 and srg2 by 2'3'-cGAMP 121 was rapid, peaking at 3 or 6 hpi and decreasing afterwards ( Fig.1i,j) . Interestingly, 122 inducible expression of srg3 remained high at 24 hpi ( Fig.1k ). Induction of srg1-3 by 123 2'3'-cGAMP was reduced or abolished in Relish null mutant flies ( Fig.1l-n) . Overall, 124 these data reveal that a subset of naturally occurring CDNs can trigger gene 125 expression in Drosophila, in a manner dependent on dSTING and Relish. 126 127 2'3'-cGAMP has a significant impact on the transcriptome of whole flies 128
We next performed genome-wide transcriptomic analysis to identify 2'3'-cGAMP 129 regulated genes in whole flies. We identified 427 up-and 545 down-regulated genes 130 by more than 1.5-fold in animals injected with 2'3'-cGAMP compared to Tris buffer 131 ( Fig.2a) , with 269, 88 and 115 transcripts upregulated and 311, 53 and 63 transcripts 132 downregulated at the 6, 12 and 24h timepoints, respectively (Fig. S2) . In contrast, 133 only four up-and one down-regulated transcripts were observed when c-di-GMP was 134 injected into WT flies (Table S1 ). Clustering analysis revealed three broad categories 135 of up-and down-regulated genes based on their early, sustained and late kinetics of 136 induction or repression ( Fig.2a ', Table S2 ). Among upregulated genes, srg1 was 137 induced rapidly, while srg3 classifies as a late induced gene, confirming our initial 138 observation. Rapidly induced genes included antimicrobial peptides, cytokines such 139 as spaetzle and upd3, transcription factors (e.g. Rel, kay, Ets21C, FoxK) and other 140 signaling molecules (Takl1, pirk, Charon, dSTING) ( Fig.2a'' ). Interestingly, one of the 141 three canonical components of the siRNA pathway, AGO2, was rapidly induced by 142 2'3'-cGAMP, together with pst and ref(2)P, which encode restriction factors against 143 picorna-like viruses 22,23 and rhabdoviruses 24 , respectively. Late induced genes were 144 mainly unknown but included the JAK-STAT regulated gene vir-1 and the antiviral 145 gene Nazo ( Fig.2a'' ) 5, 25 . Gene ontology analysis revealed that the early and 146 sustained upregulated genes were significantly enriched for a single functional 147 category, namely immunity ( Fig.2b ). No such enrichment was detected in the late 148 induced genes. By contrast, the downregulated genes upon 2'3'-cGAMP injection 149 were associated with mitochondria or belonged to several metabolic pathways, 150
including carbohydrate, lipid and protein metabolism ( Fig.2b) . This points to an 151 impact of CDN injection on metabolism, possibly reflecting cellular reprograming. 152
We next performed in silico analysis of predicted binding sites for transcription 153 factors in the upregulated genes. We found that 75% of the upregulated genes (321) 154 contained binding sites for members of the NF-κB family. While 84% of early and 80% 155 of the sustained genes contained NF-κB binding sites, only 57% (63) of the late 156 genes contained such binding sites, suggesting a significant secondary response at 157 24h post-cGAMP injection. Furthermore, we could find enrichment for binding sites 158 for other upregulated transcription factors, or for transcription factors regulated by 159 induced cytokines (e.g. upd3) ( Fig. 2c ). Among these, STAT appears to play an 160 important role in all temporal expression profiles, with binding sites in 22%, 42% and 161 8% of the genes in the early, sustained and late categories. Others, such as Ets21c, 162 E2F1 and AP1 may participate in the early phase of the response to 2'3'-cGAMP, 163
given their enrichment only in the early and sustained up-regulated genes (Fig.2c) . 164
165
Injection of 2'3'-cGAMP protects flies against viral infections 166
We next addressed the functional consequences of activation of the dSTING 167 pathway by CDN injection. Co-injection of 2'3'-cGAMP with DCV resulted in a 168 significant decrease of viral RNA in WT flies. Such a protective effect of 2'3'-cGAMP 169 was not observed in RXN mutant flies, indicating that it was dependent on dSTING 170 ( Fig.3a) . Accordingly, 2'3'-cGAMP significantly improved the survival of DCV infected 171 WT flies but not of RXN mutants (Fig.3b ). Co-injection of 2'3'-cGAMP but not c-di-172 GMP also resulted in significantly reduced accumulation of viral RNA for four other 173 RNA viruses, namely the positive strand RNA viruses cricket paralysis virus (CrPV) 174 and Flock house virus (FHV), the negative strand RNA virus vesicular stomatitis virus 175 (VSV), and the double strand DNA virus Kallithea virus (KV) ( Fig.3c-f ). Collectively, 176
these results indicate that 2'3'-cGAMP triggers protection against a broad range of 177 viruses. 178 179 2'3'-cGAMP act independently of the siRNA response and autophagy, but 180
depends upon the NF-κB protein Relish for its antiviral role 181
To identify the mechanism by which 2'3'-cGAMP exerts its antiviral activity, we first 182 analyzed the effect of CDNs on DCV and VSV infection in AGO2 null mutant flies. 183
We observed a reduced accumulation of viral RNAs when 2'3'-cGAMP was co-184 injected with the viruses in both mutant and control flies, revealing that the antiviral 185 function of the CDN does not depend on this key component of the antiviral siRNA 186 pathway ( Fig.4a,b) . Similarly, 2'3'-cGAMP significantly reduced viral RNA 187 accumulation in Atg7 null mutant flies, ruling out an involvement of this essential 188 component of the canonical autophagy pathway (Fig.4c ). By contrast, the protective 189 effect of 2'3'-cGAMP was completely abolished in Relish mutant flies ( Fig.4d ). 190
Altogether, these results reveal that 2'3'-cGAMP triggers a dSTING-Relish-191 dependent antiviral transcriptional response, rather than RNA interference or 192 autophagy. 193
194
DISCUSSION 195
CDNs activate antiviral immunity in Drosophila 196
Our results reveal that three out of the four naturally occurring CDNs that 197 activate mammalian STING can also trigger the dSTING signaling pathway in flies. 198
They raise the question of the mechanism by which 2'3'-cGAMP activates dSTING. 199
Like others, we have not been able to detect binding of 2'3'-cGAMP to purified 200 recombinant dSTING 20 . The recently reported cryoEM structure of full length chicken 201 STING reveals substantial interaction of the ligand binding domain with areas of the 202 transmembrane domains at the N-terminus of the protein 26 . We believe that such 203 interaction may be critical for either ligand binding or stability (or both) of the cytosolic 204 domain of dSTING, a hypothesis supported by the differences between the 205 transmembrane domains of STING in mammals and drosophila (e.g. only three 206 transmembrane helices in flies). 207
Our work complements the molecular study of Kranzusch and colleagues, who 208 reported binding of CDNs to STING from the sea anemone N. vectensis, and 209 supports the hypothesis that the ancestral function of STING in metazoans was to 210 sense CDNs 20 . Bacteria produce a diversity of CDNs and cyclic trinucleotides, some 211 of which could activate dSTING 17,27 . Of note, bacterial CDNs have two canonical 3',5' 212 phosphodiester-linkages, whereas mammalian and Nematostella cGAS produce 213 chemically distinct CDNs containing one 2',5' phosphodiester bond joining G to A and 214 one canonical 3',5'-phosphodiester bond joining A to G 15,20 . While we detected 215 activity of 3'3'-CDNs, namely of 3'3'-cGAMP and of c-di-AMP, the strongest agonist 216 was 2',3'-cGAMP, suggesting that an enzyme producing this CDN exists in insects. 217
Indeed, Wang and colleagues recently reported the inducible production of cGAMP in 218 the cytosol of Bombyx mori cells infected with nucleopolyhedrovirus (NPV) 18 . Thus, 219 the production of CDNs in the response to virus infection appears to be ancient, 220 possibly inherited in early eukaryotes from prokaryotes 16,28 . A major goal for future 221 study will be the identification and characterization of the cGAS enzyme operating in 222
Drosophila. 223
224
Activation of NF-κB is an ancestral function of the dSTING pathway 225
One major difference between STING in mammals and invertebrates, e.g. 226
Nematostella and Drosophila, is the lack of the CTT domain that mediates interaction 227 with and activation of the kinase TBK1 and the IRF3 transcription factor 16 . This has 228 led to the hypothesis that invertebrate STING regulates autophagy rather than a 229 transcriptional response. Indeed, STING activates autophagy through a mechanism 230 independent of TBK1 activation and IFN induction in mammals. Furthermore, 231
NvSTING also induces autophagy when it is ectopically expressed in human cells 15 . 232
In Drosophila, dSTING-dependent autophagy has been proposed to restrict Zika 233 virus infection in the brain, although autophagy constituents are proviral for Zika and 234 other flaviviruses in mammalian cells 19, 29 . Our results using ATG7 mutant flies 235 indicate that 2'3'-cGAMP controls viral infection independently from the canonical 236 autophagy pathway. However, we cannot rule out the involvement of an 237 unconventional autophagy pathway. Indeed, LC3 lipidation in response to cGAMP 238 stimulation in human cells does not depend on the ULK kinases or Beclin 1, two 239 essential components of the classical autophagy pathway 15 . In this regard, we note 240 that one of the genes upregulated by cGAMP is ref(2)P, the ortholog of the 241 autophagy receptor p62 and a restriction factor for Sigma virus 24 . Even though we 242 cannot completely rule out a contribution of autophagy, our results point to the central 243 role played by the NF-κB transcription factor Relish in the antiviral response triggered 244 by 2'3'-cGAMP. Further analysis will be required to precisely define the contribution 245 of Relish in this response. The dSTING-dependent transcriptional response to 246 cGAMP injection is complex, involving up and down regulation of gene expression 247 occurring in different waves, with early and late responses. However, the presence of 248 consensus binding sites for NF-κB in the cis-regulatory regions of ~75% of the 249 regulated genes, regardless of their kinetics of induction and repression, confirms a 250 major contribution of Relish. In addition, we identified 13 other transcription factors 251 and 2 cytokines (upd3 and spz) in the early and sustained up-regulated genes ( Table  252   S3 ). Among the upregulated transcription factors, kay (the Drosophila ortholog of c-253 Fos), Ets21C and FoxK were previously implicated in immune, inflammatory or stress 254 responses in Drosophila 30-32 . Importantly, the cis-regulatory regions of the 255 differentially expressed genes were enriched for binding sites for the mentioned 256 transcription factors and STAT92E, the sole Drosophila STAT ortholog (Fig3d, Table  257 S4). These different transcriptional regulators may coordinate the kinetics of the 258 response and induction of different sets of genes in the context of bacteria and virus 259 infection. 260
261
A broad antiviral induced response in Drosophila 262
We observed a striking antiviral activity of 2'3'-cGAMP against a broad range of 263 viruses with DNA or RNA genomes. This contrasts with previous studies that 264
reported virus-specific induced responses, leading to the idea that RNA interference 265 is the only pathway acting on the broad range of viruses infecting invertebrates, 266 which are devoid of interferons. Importantly, we showed that the antiviral effect of Identification of an agonist of dSTING bypasses the need for the use of viruses and 288 provides a much clearer picture of the modifications of the drosophila transcriptome 289 associated with induction of antiviral immunity. In particular, our data suggest that 290 2'3'-cGAMP triggers the expression of cytokines (e.g. Spaetzle, upd3) that amplify 291 the response and trigger expression of antiviral effectors (e.g. Nazo, vir-1). The tools 292 are now at hands to characterize the induced mechanisms controlling viruses in 293 insects, which may reveal original targets for antiviral therapy. Induction of srg1 was lower at three dpi in dSTING Rxn mutants, induction of srg2 was 565 lower at 3 dpi (t = 0.6252, p = 0.002) and levels of srg3 were similar in Tris and DCV 566 infected dSTING Rxn mutants 2-and 3-dpi (|t| ≤ 1.268, p >= 0.446) and always lower 567 than in control flies (> 4.85 fold, |t| >= 5.568, p > 0.001). All these genes were 568 induced by DCV infection in control or dSTING Rescue flies two or three dpi (|t|>= 2.520, 569 |p| ≤ 0.037), except for srg3 in control flies 2 dpi (t = 1.393, p = 0.373) (f) Expression Table S3 601
Differentially expressed transcription factors or cytokines between Tris and 2'3'-602 cGAMP injected dSTING Control flies at 6, 12 and 24 hours post-injection. Columns 603 headings are as in Table S2 , but include the transcription factor family/sub-family 604 (Family). 605 606 Table S4 607
Differentially expressed genes between Tris and 2'3'-cGAMP injected dSTING Control 608 flies with regulatory sequences enriched for the differentially expressed transcription 609 factors, or for transcription factors of the same family/sub-family. Columns headings 610 are as in Table S3 , and include the high confidence transcription factor calls 611 predicted by Rcistarget. 612
613
METHOD DETAILS 614
Drosophila strains 615
Fly stocks were raised on standard cornmeal agar medium at 25°C. All fly lines used 616 in this study were Wolbachia free. w 1118 , dSTING Control , dSTING Rxn , yellow (y) white 617 (w) DD1, yw;AGO2 414 , Atg7 d14 /Cyo-GFP, Atg7 d77 /Cyo-GFP and CG5335 d30 /Cyo-GFP 618 stocks have been described previously 40 . Relish E20 flies isogenized to the DrosDel 619 w 1118 isogenic background were a gift from Dr. Luis Teixeira 41 . 620
The genomic rescue of wild-type dSTING was established by PhiC31 mediated 
Virus infection 627
Viral stocks were prepared in 10 mM Tris-HCl, pH 7.5. Infections were performed 628 with 3-5 days old adult flies by intrathoracic injection (Nanoject II apparatus, 629
Drummond Scientific) with 4.6 nL of DCV solution (500 PFU/fly). Injection of the 630 same volume of 10 mM Tris-HCl, pH 7.5, was used as a negative control. 631 632
CDNs injection with or without viruses 633
The CDNs (Invivogen) were dissolved in 10 mM Tris pH 7.5 to a concentration of 0.9 
